There is no understanding of the role of cholesterol and phospholipids in the mechanisms of synaptic function and neurodegeneration. Here we report that cholesterol disbalance is critical for synaptic transmission and plasticity as investigated by a study of paired pulse facilitation (PPF) and long-term potentiation (LTP). Extracellular recording of field-evoked postsynaptic potentials showed enhanced PPF ratio and an impairment of LTP in CA1 subfield of adult rat ex-vivo hippocampal slices subjected to cyclodextrin-or normal human CSF-HDL 3 -mediated cholesterol efflux. Immunofluorescence with antibodies against neurofilament and tau revealed that cholesterol and phospholipids depletion causes alteration of normal hippocampal neurites and the appearance of PHF-tau in the mossy fibers. We further find that LTP and amyloid β protein increase [
any reports implicate cholesterol in neuronal functioning and warrant the study of this molecule in the mechanisms of neuronal plasticity (1) . Thus, it has been shown that cholesterol modulates intracellular vesicle trafficking (2) , the molecular activity of reconstituted shark Na + -K + ATPase (3), adenylate cyclase (4), the acetylcholine nicotinic (5) and rhodopsin (6) receptors, calcium homeostasis (7), the GABA transfer protein (8) , and the GABA potency in acutely dissociated hippocampal neurons (9) .
Several studies suggest that cholesterol of plasma low-density lipoproteins (LDLs) plays no role in the process of cholesterol turnover in the central nervous system (CNS) and that the amount of cholesterol synthesized locally in the brain is sufficient to account for all neuronal cholesterol needs (10, 11) . Moreover, many data suggest that the CNS of mammals has an active lipoprotein M (LP) transport system for continuous redistribution and recycling of cholesterol that is biochemically and functionally distinct from the systemic LP transport machinery (12) . Cholesterol transport in the CNS originates in astrocytes, which synthesize and secrete apolipoprotein (apo) E-containing LP (13) . These LPs carry cholesterol from the turnover of myelin and neuronal and glial plasma membrane and are targeted to the cells that express LDL receptor, the very low density lipoprotein receptor (VLDLR), and the LDL-receptor related protein (LRP), having apoE as the major ligand. A particularly high level of expression of the LRP mRNA is observed in the perinatal stage, and the major cells expressing it in adulthood are neurons (14) . Both LDL-receptor and VLDLR mRNA signals are present at levels below that of LRP and are readily detected in rat dentate gyrus (DG) and CA subfields of the hippocampus and not in the other brain regions (15) . Moreover, hippocampal CA1 expresses robust long-term potentiation (LTP), a long-lasting synaptic enhancement, the leading experimental system for the synaptic plasticity that underlies learning and memory (16) , making hippocampus an exceptional model to study the interrelation of neuronal cholesterol turnover and synaptic plasticity.
Lipoprotein-mediated transport is assigned an important function in ferrying cholesterol from one cell to another and delivering lipids to the neurites and their growth cones during neuronal membrane biosynthesis for regeneration, synaptic remodeling (17) , and synaptic vesicles biogenesis (18) . The first step in cholesterol redistribution or tissue removal is the efflux of cellular cholesterol to a suitable acceptor, thought to be a special class of high-density lipoprotein (HDL) (19, 20) , the only LP specie present in the cerebrospinal fluid (CSF) (21, 22) . In this study, we evaluated the role of cholesterol in synaptic transmission, plasticity, and neurodegeneration by a combination of brain slice technology, a well-established procedure for limited cholesterol efflux; lipid metabolic labeling; extracellular recording of CA1 field excitatory postsynaptic potentials (fEPSPs); and immunofluorescence.
MATERIALS AND METHODS
All reagents and immunochemicals unless otherwise specified were from Sigma (Israel). Brains from adult albino Wistar rats (3-4 months, 300-380 g) were rapidly removed and placed into cold (2-4°C) artificial CSF (ACSF) (23) . Transverse hippocampal slices (400 µ) were prepared with a McIlwain tissue slicer within 4 min of an animal decapitation. After standard recreation incubation at room temperature for 1.5 h in ACSF, slices were subjected to extracellular field recording and LTP study in stratum radiatum of CA1 (23) and/or to metabolic labeling. The input-stimulus/output-response (I/O) relationship and LTP were expressed as a fEPSP amplitude and slope change versus stimulus intensity and time, respectively. Paired-pulse facilitation (PPF) was studied by applying two consecutive stimuli with 10-, 20-, or 30-msec intervals (24, 25) . PPF ratio was calculated by normalizing the mean amplitude of the three consecutive second-stimulus fEPSP responses to the mean amplitude of the first-stimulus fEPSP responses.
To analyze cholesterol and phospholipid efflux and for lipid synthesis study hippocampal slices were maintained under sterile conditions in the new economical tissue slice incubation tube created with standard 50-or 15-ml plastic tubes with screw caps (Fig. 1) . The tube works sufficiently in maintaining hippocampal slices and is practical in relation to metabolic studies because it is disposable and easily built independently from readily available materials. Slices were labeled for 14 h with [1,2- 3 H]cholesterol (NET-139, 0.5 µCi/ml of ACSF). After labeling, the slices were washed for 2 min (5×) in ACSF with no labeled cholesterol, followed by the incubation of slices in cold ACSF containing methyl-β-cyclodextrin (MβCD, Fluka) or CSF-HDL 3 (prepared from normal human CSF [21] ). Slices were incubated from 20 min to 6 h and 0.8-to 1.0-ml aliquots were taken out for liquid scintillation counting at various time points. After incubation with cholesterol acceptors, slices were washed 2 min (5×) in cold ACSF and weighted and lipids were extracted for 14 h with chloroform/methanol (1/1 by vol). In selected experiments, slices were labeled with [methyl- 14 C]choline chloride (incorporating into phosphatidylcholine and sphingomyelin, 0.15 µCi/ml of ACSF) for 6 h to monitor the efflux of hippocampal phospholipids. ACSF aliquots taken at the indicated time points were used for [ 14 (21) . After ultracentrifugation, the supernatant LP (~1/5 by volume) and infranatant LP-depleted fractions were subjected to radioactivity counting.
For lipid synthesis study hippocampal slices were labeled with [ 14 C]acetate and analyzed as described (26) . Specifically, slices were incubated at 25°C for 21 h with [ 14 C]acetate (0.1 µCi/ml of ACSF) in the presence or absence of human amyloid β (Aβ) 1-40 (21) (0.33 µg/ml of ACSF) or after the treatment of slices with 50 mM KCl in ACSF for 2.5 min, followed by washing for 3 min (5×) in cold ACSF, lipid extraction, and thin-layer chromatography. In selected experiments, slices were labeled with [ 14 C]choline or [ 3 H]cholesterol and Aβ1-40 to verify the effect of the peptide on hippocampal phospholipid synthesis and on cholesterol uptake, respectively. For autoradiography of metabolically labeled lipids, slices were mounted on gelatinized slides, dried overnight at room temperature, and exposed to an X-ray film at -70°C (26) .
Selected slices were fixed in 4% paraformaldehyde (prepared on PBS, pH=7.4) at 4°C for 12 h followed by the cryostat sectioning (10 µm), washing in PBS (2×), and incubation with filipin (100 µg/ml) for 40 min at 4°C followed by 30 min (2×) washing with PBS. Alternatively, freefloating sections after washing in PBS (2×) were blocked for 12 h at 4°C in 1% goat serum and 0.1% Triton X-100 in PBS (blocking buffer), followed by 12 h incubation with the primary antibody (1:1000) in blocking buffer under mild shaking at 4°C. The antibodies used were wellcharacterized tau-1, a mouse monoclonal antibody recognizing all known electrophoretic species of rat nonphosphorylated tau (27, 28) ; Z1 (29) , a rabbit polyclonal antisera against both nonphosphorylated and phosphorylated tau; paired helical filaments (PHF) tau clone AT8 (Biosource International), a mouse monoclonal antibody, recognizing PHF-tau phosphatasesensitive epitope containing the phosphorylated Ser-202 residue and does not recognizing normal tau (30) ; anti-neurofilament 200, rabbit antiserum to neurofilament 200 from bovine spinal cord; 4G8, mouse monoclonal anti-Aβ17-24 (31) (Senetek, PLC). Hippocampal sections were washed (3×, 1 h each) in blocking buffer to remove unreacted primary antibodies. Secondary FITC-conjugated anti-mouse or anti-rabbit antibody (1:200), containing 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) reagent (1:1000) in blocking buffer were added for 3h at 25°C, followed by washing with the blocking buffer (3×, 1 h each) and with PBS (1×, 1 h). Filipin-or immunostained sections were then mounted on gelatinized slides, coverslipped with cover glass and mounting medium, and viewed with an Olympus fluorescence microscope by using excitation filters (350-410 nm) for filipin (32) and DAPI and a 488-nm filter for FITC. All photographic exposures and processing of images were performed identically.
The data are presented as mean ±SE. Nonparametric Mann-Whitney signed rank test was used for determining significant differences between experimental values. A probability of 0.05 (onetailed) or less was accepted as statistically significant.
RESULTS

A limited cholesterol efflux strategy to study the role of cholesterol in synapt ic plasticity
Extensive studies of cholesterol efflux in cell culture systems offer HDL 3 and cyclodextrins (20, 33) as two major extracellular cholesterol acceptors without which no efflux of cholesterol occurs. In contrast, hippocampal slices were characterized by the basal efflux of cholesterol (4.0±1.23% in 6 h, n=6) and phospholipids (0.54±0.075%, n=6) ( Fig. 2 ) in the absence of MβCD/CSF-HDL 3 . Moreover, 78% of [ 3 H]cholesterol and 58% of [ 14 C]choline-labeled phospholipids, effluxed by the slices to MβCD-and CSF-HDL 3 -free ACSF in 6 h, were recovered in the supernatant fraction after ultracentrifugation at the density of 1.25 g/ml, corresponding by floating density to the very high density lipoprotein (21) . Hippocampal slices retain much of normal neuronal and synaptic organization, circuitry, and neurochemistry. It is likely that the basal cholesterol and phospholipids efflux occurring in our ex vivo experimental system is due to availability in slices functional natural machinery for LP synthesis, redistribution, and/or secretion not available in cell cultures (20) .
We first tested the effect of normal human CSF-HDL 3 as a natural cholesterol acceptor (35, 36) on the hippocampal LTP. To achieve an appreciable amount of cholesterol efflux (27.5±1.129%, n=6, Fig. 2A ), we incubated hippocampal slices in ACSF containing CSF-HDL 3 for 6 h before the LTP study. We found that CSF-HDL 3 treatment of slices abolished the maintenance of tetanus (t)-induced LTP (data not shown). It is unlikely that the observed effect was due to phospholipids depletion (20) , because in our experimental condition, CSF-HDL 3 caused a nonsignificant efflux of phospholipids (1.78±0.29%, n=6, Fig. 2B ).
We further utilized MβCD treatment to evaluate the effect of more profound reduction of hippocampal cholesterol level compared with the one caused by CSF-HDL 3 . Cyclodextrins are water-soluble cyclic oligosaccharides that have the capacity to sequester cholesterol in their hydrophobic core, thereby greatly enhancing cholesterol removal from cells. Cyclodextrines and HDL 3 have different kinetics of cholesterol efflux (20, 33) , possibly due to accepting cholesterol from different cellular pools (37) . MβCD was either bath applied for 20 min during the recording (2.5 mM) or added to ACSF for 6 h before the electrophysiological experiment (5 mM), resulting in efflux to ACSF of 11.0±1.33% (n=6) and 70.0±2.83% (n=6) of hippocampal cholesterol, respectively (Fig. 2 ). Both treatments were verified not to disrupt gross cell morphology and existing dendritic spines of neurons in the primary hippocampal cell culture observed under a confocal microscope (38) (data not shown).
The electrophysiological analysis revealed that bath application of 2.5 mM MβCD for 20 min impaired the ability of slices to maintain LTP on prepotentiated channel (input 1) and did not significantly change the baseline recording on the other channel (Fig. 3A) . After MβCD washout, however, the slices remained sensitive to the prior cholesterol removal and did not maintain tLTP on the second channel (input 2) sampled 15 min after the tetanic stimulation (109.9±3.79%, n=8, compared with control 157.1±9.47%, n=8, P=0.05). By staining slices with the cholesterol-binding compound filipin and using fluorescence microscopy, we found that a mild efflux of 11% hippocampal cholesterol is attributed to the removal of cholesterol of neuronal cell processes (Fig. 2C) .
However, in 6 h, 5 mM MβCD caused the removal of filipin staining of the hippocampal pyramidal and granule cell bodies (appearing as unstained dark strips) in addition to the unstained neurites. This treatment resulted in the profound hippocampal cholesterol depletion of 70% ( Fig. 2A ) and completely abolished trace potentiation level (sampled 10 min posttetanus) present after a milder (2.5 mM, 20 min) MβCD treatment (95.03±11.11% and 123.0±3.6%, n=8, respectively, Fig. 3B ). Moreover, the later experimental condition cofeatured ~7% hippocampal phospholipid depletion (Fig. 2B) , indicating the possible contribution of phospholipids to the mechanism of synaptic plasticity impairment. In addition to LTP, an I/O function was generated by varying stimulus intensity in several steps; cholesterol depletion (5 mM MβCD, 6h) caused lower I/O characteristics for the same stimulation intensity (Fig. 3C) .
To assess the effect of cholesterol efflux on the dynamic properties of synaptic transmission, we utilized short-term plasticity protocol of PPF. In area CA1 of the hippocampus, PPF is considered to be primarily mediated presynaptically and is widely believed to be an efficient test to detect changes within presynaptic terminals (24, 25, 39) . We found that cholesterol depletion increased PPF magnitude at all tested interpulse intervals (Figs. 3D, E) . Thus, at 30-ms intervals, the PPF ratio was 1.467±0.068, n = 16 and 1.7±0.044, n = 16 at 1 h and 6 h of 5 mM MβCD treatment, compared with control (no MβCD) values of 1.357±0.038, n = 16, P = 0.1693, and 1.407±0.03935, n = 14, P = 0.0001, respectively.
Cholesterol depletion causes hippocampal neural degeneration
Hippocampal slices after manipulation of cholesterol levels with MβCD were subjected to immunohistochemical analysis with antibodies against neurofilament, tau and Aβ. It was previously shown that the mossy fibers are the major tau immunostained structure in dog, rabbit, and rat hippocampus (40) (41) (42) . The axonal mossy fiber pathway between the granule cells of the DG and the pyramidal cells of CA3 hippocampal subfield has been the target of many scientific studies and was recently excellently reviewed (43) . Consistent with the previous data (40) (41) (42) , in our study, tau decorated hippocampal mossy fibers. Z1 immunoreactivity was found in all control and MβCD-treated slices (Fig. 4) . Increased cholesterol efflux caused tau immunostaining of pyramidal and granule cells of the CA1 and DG, respectively (Fig. 4C) , and was accompanied by the loss of tau-1 immunoreactivity (Fig. 4F) , indicative of tau phosphorylation at tau-1 epitope (40).
Immunostaining with antibody against neurofilament revealed that increased cholesterol efflux exerts alteration of normal hippocampal neuronal cytoskeleton (Fig. 5) . The changes were most prominent and neurodegenerative-like after 6 h of MβCD (5 mM) treatment, when the vast majority of neurites had abnormal fine neurofilament architecture with neurofilament positive fragmentation and teardrop varicose widenings of neuronal processes in all hippocampal subfields (Fig. 4G and Figs. 5C, D, G, H) . Profound cholesterol and accompanying phospholipids depletion (5 mM MβCD, 6 h) also caused the development of AT8 PHF-tau in the terminal sector of the mossy fibers (Fig. 4E ) but did not change hippocampal Aβ immunoreactivity (Fig. 6 ).
LTP induction and Aβ treatment increase hippocampal lipid synthesis
We found increased [
14 C]acetate (a precursor label to trace lipid synthesis [26] ) incorporation into the hippocampal CA1 area after the induction of LTP in stratum radiatum recording pathway versus control (no tetanus) baseline recording (Fig. 7A) . To test which particular lipid species contribute to the posttetanic [ 14 C]acetate label incorporation, we further studied lipid synthesis in ex vivo rat hippocampal slices and examined its modulation by high potassium evoked depolarization (Fig. 7, see table) and by peptide Aβ1-40. Over the prolonged incubation with [
14 C]acetate precursor, slices remained viable (as verified by extracellular recording of the normal evoked synaptic responses; data not shown) and actively synthesized phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine, and cholesterol (all acounting for 96.4% of the label incorporated into the hippocampal lipids) (Fig. 7) . Aβ treatment increased the synthesis of PC, PE, and cholesterol on 33, 67, and 46% above the control values (Fig. 7B) , respectively, and enhanced the uptake of [ 3 H]cholesterol by slices on 32.5 ±11.25% in 6 h above the control value (100%, no Aβ), n= 5, P = 0.0079 (Fig. 7C) .
DISCUSSION
Cholesterol efflux, synaptic plasticity, and neurodegeneration
Synaptic plasticity is a fundamental feature of the CNS that allows synapses to "remember" previous activity and express plastic changes to fine tune current synaptic action. In this study, we asked whether an increased cholesterol efflux induced ex vivo by cholesterol acceptors changes long-and/or short-term plasticity in the hippocampus. We find that cholesterol efflux increases the magnitude of PPF and impairs LTP at the CA1 synapses. There are several possibilities to explain the effect of cholesterol removal on synaptic plasticity. Enhanced PPF confirms the importance of cholesterol in neurotransmission and presynaptic mechanisms regulating synaptic vesicles recycling and transmitter and Ca 2+ synaptic dynamics (18, 39) . Cholesterol-content-dependent change of membrane fluidity, reported to affect the ligandreceptor binding (44) , could be a candidate mechanism for modulation of synaptic plasticity mediated by cholesterol. It is important to note that membrane fluidity can be also modified by the change of membrane lipid peroxidation, reported to accompany LTP course in slices (45) , as well as by the change in the level of cholesterol esterification (46) . Another possible mechanism, proposed previously, likely to occur at the postsynaptic locus is the modulation of receptor function by a specific cholesterol-receptor interaction (44) or cholesterol efflux-dependent membrane lipid raft (47) structural and/or functional deterioration. Although it was shown that cholesterol content modulates cholinergic stimulation of hippocampal pyramidal cells (48) and excitatory 5-HT 3 -and inhibitory GABA A receptors (49) , its effect on the other key synaptic ionotropic and metabotropic receptors awaits further detailed investigation. Regardless of the deficit of particular receptor machinery, neuronal cholesterol content may regulate second messenger pathways (44) and modify generation of the action potential. In support of the latter possibility is the recent paper reporting that the depletion of membrane cholesterol altered the buoyancy of the Kv2.1 voltage gated K + channel associated lipid rafts and altered the steadystate inactivation of Kv2.1 as evidenced by a significant hyperpolarizing shift in the inactivation curve (47) . Such a shift could result in significant change in resting potential, action potential duration, and modulation of synaptic transmission (50) and may explain altered I/O characteristics in hippocampal CA1 after the cholesterol depletion (Fig. 3C) .
The profound removal of cholesterol may cause changes of membrane lipid cytoarchitecture. The latter process may yield the disruption of normal neuronal cytoskeleton composed of longitudinally arranged neurofilaments and microtubules. The assembly and stabilization of cytoskeleton is a critical event in establishing mature neuron morphology and is an important condition for neuronal growth, nervous system development, maintenance of its functionality, and neuronal networks integrity (27, 28, 51, 52) . Neurofilaments are one of several neuronal intermediate filaments differing significantly from the other cytoskeletal elements (particularly from microtubules) and composed of three major proteins of 68, 160, and 200 kDa (51). In turn, microtubules have dimeric tubulin subunits and contain numerous accessory filamentous proteins known as microtubule-associated proteins (28, 52) . Another type of neuronal filament, actin filaments, was recently shown to be critical for LTP maintenance in the hippocampal CA1 (24) . The pathology of microtubule-associated protein tau in the form of neurofibrillary tangles (NFTs) is prominent in Alzheimer's disease and in several other neurodegenerative diseases (53) . Furthermore, NFTs in PHFs are one of the most characteristic histopathological features of Alzheimer's disease, and abnormally hyperphosphorylated tau (containing 5-9 moles phosphate/mole protein compared with the normal 2-3 moles) is the major protein subunit of these filaments. Exceptional interest for the current study represented Niemann-Pick type C (NPC) disease characterized by abundant brain deposition of Alzheimer's-like NFTs (54), neuronal and glial cells degeneration (55) , attenuated esterification of excessive lysosomal cholesterol, and the disruption of cholesterol transport pathway at the Golgi complex (32, 33) . Cholesterol-dependent modulation of tau phosphorylation in ex vivo hippocampal slices (Fig. 4) , in cultured neurons (56) , as well as higher values of intracellular cholesterol in NFT-bearing neurons of AD cortex (57), the Alz-50 (a monoclonal antibody that recognizes an epitope on tau in NFTs [58] ) immunoreactivity in the brain of cholesterol-fed rabbits (59) suggests that NFT formation is a secondary phenomenon of abnormal neuronal cholesterol homeostasis. It was previously proposed (29) that abnormal filaments (which include straight filaments and PHF) substitute the neurofilaments of the normal cytoskeleton in Alzheimer's disease. Such gradual alteration of normal neuronal cytoskeleton and excessive tau phosphorylation occuring in aging (60) and in Alzheimer's disease (30) were also observed in our experiments under the condition of acute cholesterol depletion in the hippocampal slices (Figs. 4 and 5) .
Phosphorylation of nerve terminal proteins has also been implicated in the regulation of a variety of processes underlying synaptic transmission (61) , from the immediate effect on the transmitter release to the more long-term influence on synaptic vesicle mobilization and recycling machinery, as supported by the increased excitatory postsynaptic currents and decreased PPF ratio at the large endbulb synapses of rat auditory brainstem under protein kinase C activation (62) . However, antigenic changes similar to those seen in NFTs are elicited by glutamate (an important transmitter for ionotropic transmission in the hippocampus) and glutamate-induced Ca 2+ influx in cultured hippocampal neurons (58) , suggesting that excessive tau phosphorylation in the hippocampal mossy fiber synapses might be a compensatory event aiming to return to control values the synaptic transmission and LTP (39) after cholesterol depletion.
Our data indicate that hippocampal cholesterol efflux is a phenomenon critical for proper synaptic function and plasticity. In the CNS, either the apoE-containing LP secreted by the astrocytes (13) or CSF-HDL-like particles may function as acceptors (35, 36) and vehicles destining cholesterol to the sites of active plasma membrane rearrangements during the growth of new dendritic processes, accompanying synaptic activity and LTP (63, 64) . By recycling cholesterol via LPs and their receptors, the CNS would have immediate access to the existing brain cholesterol pool for membrane remodeling. This is supported by recent reports that showed that LRP deficit [caused by a receptor-associated protein (RAP), an antagonist for ligand interactions with LRP] impairs hippocampal LTP (65), possibly via an NMDA receptor (66) , and that apoE and LDL-receptor knockout mice are impaired behaviorally (67) . An earlier paper on the LDL-receptor deficient mice (68) showed a near twofold increase in the percent distribution cholesterol in the membrane exofacial leaflet and significantly lower cholesterol-tophospholipid mole ratio of synaptic membrane (also changing membrane fluidity, see previously) similarly to the Alzheimer's disease brain (69) . Moreover, VLDLR has increased hippocampal immunoreactivity in patients with Alzheimer's disease and was proposed as a susceptibility gene for the disease (70) .
Neuronal cholesterol dynamics and Aβ
A possible another player in the functional relation between brain cholesterol, LP receptors, and their major ligand, apoE, is Aβ protein. Thus, it was shown that although mutated APP transgenic mice develop dense amyloid plaques starting at 4-5 months, the APP transgenic and apoE knockout hybrid developed no plaques, even after 22 months (71), suggesting that apoE-LP-mediated receptor-dependent neuronal cholesterol uptake and processing is a candidate pathway triggering pathologic neurochemistry of Aβ in Alzheimer's disease (72) . Moreover, a role of Aβ (an apolipoprotein constituent of plasma-and CSF-HDL [21, 73, 74] and of the LP secreted by hepatic cells [31] and by the astrocytes [75] ) as a ligand for a receptor for LPmediated cholesterol uptake can not be excluded, because Aβ enhances neuronal uptake of cholesterol (76, and this study) possibly via the LRP or LDL receptor pathway (77, 78) . In this study, we did not find changes in Aβ hippocampal immunoreactivity after the acute cholesterol depletion (Fig. 6) . However, Aβ accumulates and aggregates in NPC model cells (79) and possibly in patients (80) . In NPC (32, 33, 55) , characterized by intracellular cholesterol transport (see 37 and 81 for review) "chronic" failure, increased intacellular Aβ could be functionally linked to the pathology by modulating cholesterol esterification (2, 82) and affecting intracellular cholesterol transport mechanisms (76) . The chronic modification of brain cholesterol homeostasis seems to be essential for pathologic break in Aβ neurochemistry, as corroborated by Aβ deposition in the brain of rabbits (59) and mutant human amyloid precursor protein transgenic mice (83) fed cholesterol diet, and by Alzheimer's disease-like plaque and vascular amyloid in cholesterol-fed rats also expressing increased hippocampal cholesterol synthesis and synaptic dysfunction (84) . Moreover, aged mutant APPsw transgenic mice express cholesterol staining of plaque-like amyloid (85) , indicating the interrelation of the repartitioning of cholesterol in the brain and amyloid deposition.
LTP, Aβ, and lipid synthesis
Lipoprotein-mediated cholesterol redistribution could be an adaptive process important at early stages of LTP for rapid dendritic morphogenesis (63, 64) . In our experimental condition, however, hippocampal cholesterol was effluxed to the external acceptors and was not available for membrane remodeling. It is conceivable that at the late LTP phase, neuronal lipid synthesis is up-regulated to satisfy lipid requirements for the neuronal membrane rearrangements. This is supported by the disruption of the late LTP phase by cholesterol biosynthesis inhibition (86) and as shown here by a pathway-specific increase of hippocampal lipid synthesis after the LTP induction (Fig. 7A) . However, we found that Aβ protein significantly increases lipid synthesis in the hippocampal slices (Fig. 7B) . This is in accord with up-regulation of lipid synthesis by Aβ in PC12 and in rat primary neuronal cell cultures reported previously (26) and implies that Aβ is a functional element of neuronal lipid syntheses machinery. In contrast, K + -evoked depolarization of slices did not significantly change lipid syntheses (Fig. 7) , suggesting that membrane depolarization and the basal synaptic activity do not enhance hippocampal lipid synthesis as it occurs after LTP or Aβ treatment.
Our results, when coupled with previous data (discussed here) suggest that accurate cholesterol homeostasis is a critical phenomenon to synaptic plasticity and neurodegeneration. Our data also imply the link between neuronal lipid metabolism and tau and Aβ neurochemistry and propose that the major Alzheimer's histochemical features are functional consequences of the brain cholesterol and possibly phospholipid biological misregulation. Our results emphasize the need for the detailed study of neurobiological effects of lipid-correcting formulas and cyclodextrins application as a chemical delivery system for the intracerebral administration of drugs (87) .
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We are indebted to Professor Blas Frangione (New York University Medical Center) for bringing us to Alzheimer's research near a decade ago. We thank G. Perry for aliquots of antitau antibodies; E. Curley (Senetek, PLC) for anti-Aβ antibodies; E. Buharin for LTP data calculation routinization; E. J. (88) and presented at the 10th Meeting of the Israel Society for Neuroscience, December 4, 2000, Eilat, Israel. This study was not funded, welcomes support, and is dedicated to our parents. oxygenation (for a small-diameter metal needle ending with a thin plastic tube sealed at the bottom [1] with Superglue or under fire), and the other to release excess gas (2) . To allow slices to rest gently, each slice tube has a plastic ring insert (3) with a thin plastic mesh attached with Superglue to the insert bottom (4) . The slice tube bathes the brain slices (B) with artificial cerebrospinal fluid while the oxygenation tube creates gas circulation through small holes (5) made with a tiny needle above the slice resting position. (table) . In selected experiments, slices were subjected to long-term potentiation (LTP) induction or K + -evoked depolarization before metabolic labeling. Slices were also labeled with Aβ1-40, which increased synthesis of Chl, PC, and PE compared with control (100%, no Aβ) values (B). Autoradiography revealed that the modulation of lipid synthesis by Aβ was particularly targeted at the CA1 pyramidal cell layer (A). Aβ-mediated increase of hippocampal phospholipid synthesis was confirmed by labeling slices with [
14 C]choline (not shown). Aβ1-40 also increased uptake of [ 3 H]cholesterol by the slices (C).
